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Abstract
Purpose Livestock production is a recognized source of en-
vironmental impact, and this sector indirectly involves ap-
proximately 5 million people in Brazil. Livestock production
includes nearly 1.5 million milk producers that use several
different production systems. We chose the southern region of
Brazil to evaluate the carbon footprint (CF) per 1 kg of
energy-corrected milk (ECM) at the farm gate for different
dairy production systems with the use of a good level of
technology.
Methods The dairy production systems were confined feedlot
system, semi-confined feedlot system (including some grazing),
and pasture-based grazing system. A sensitivity analysis of the
dry matter intake (DMI) in each farming system and an uncer-
tainty analysis based on a Monte Carlo (MC) simulation were
performed to complement the discussion. The standards ISO
14040: 2006 and ISO 14044: 2006 were used for the compar-
ative life cycle assessment (LCA) focused on the CF. The LCA
software tool SimaPro 7.3.3 was used. Sensitivity analyses were
conducted on input data for total digestible nutrients (TDN) and
crude protein (CP) based on values from the literature.
Results and discussion The comparative LCA showed that
the confined feedlot system had a lower CF than the other
systems studied. Total greenhouse gas emissions were
0.535 kg CO2e kg ECM
−1 for the confined feedlot system,
0.778 kg CO2e kg ECM
−1 for the semi-confined feedlot
system, and 0.738 kg CO2e kg ECM
−1 for the pasture-based
system without considering the impact from direct land use
change (dLUC). When considering these emissions, the CFs
for grain and cottonseed production showed CF increases of
45.0, 36.9, and 37.3 % for the confined feedlot, semi-confined
feedlot, and pasture-based systems, respectively. The results
from the MC simulations showed low uncertainty through
variations in TDN and CP. The coefficient of variation was
1.1 % for the confined feedlot, 0.7 % for the semi-confined
feedlot, and 1.0 % for the pasture systems.
Conclusions The uncertainties were due mainly to variations
in N2O emissions from manure for the three systems. The CF
in Brazilian systems was lower than almost all the results
found in the literature, even when impacts from the dLUC
were considered. The lowest CF in this case study was due
mainly to the emission factor used for enteric fermentation.
Keywords Brazilian milk production . Carbon footprint .
Confined feedlot system . Direct land use change . Life cycle
assessment . Pasture system . Semi-confined feedlot system
1 Introduction
The world demand of food products is continuously increas-
ing, driven by urbanization and economic and population
growth (Notarnicola et al. 2012; Roy et al. 2009; Steinfeld
et al. 2006), and consequently the impacts on climate change,
changes in soil quality and water, and biodiversity losses
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increase as well. The livestock sector is responsible for 18 %
of global greenhouse gas (GHG) emissions (FAO 2013a, b;
Steinfeld et al. 2006) which highlight the importance of this
activity to reduce the environmental impact on climate
change. Therefore, the concern for sustainable food produc-
tion has driven to an increase of research on environmental
sustainability of food production and distribution systems
(Cederberg and Mattsson 2000; Flysjö et al. 2011a; Guinée
et al. 2002; Roy et al. 2009; Ruviaro et al. 2012). Questions
concerning what type of food production system, including
technology choices, represent the best environmental perfor-
mance, in relation to the amount of production and the total
GHG emitted in each different region, have become more
frequent, and dairy products are no exception (Del Prado
et al. 2013; Flysjö et al. 2011a, b; González-Garcia et al.
2013; Iribarren et al. 2011).
According to FAO (2010), in 2007, the dairy sector was
responsible for 4 % of global GHG in which the overall
contribution of the global milk production was estimated at
2.7 %. These emissions can occur directly through animal
rearing and grazing or indirectly as the expansion of grains
production for animal feed, replacing forests, and reducing
natural habitats (FAO 2013a; Steinfeld et al. 2006) for agri-
cultural areas.
The GHG emissions from the dairy industry are directly
affected by different means of animal production (beef and
milk) and by the effects of the dairy industry on forage and
range productivity, as well as on feed intake and feed conver-
sion rates (Gerosa and Skoet 2012). Besides, as with other
animal products, the dairy industry has undergone technolog-
ical changes to meet growing demand (Gerosa and Skoet
2012).
Several life cycle assessment (LCA) of dairy produc-
tion systems have been performed in many parts of the
world (Basset-Mens et al. 2009b; Bonesmo et al. 2013;
Castanheira et al. 2010; Henriksson et al. 2011; Iribarren
et al. 2011; Kristensen et al. 2011; Thomassen et al. 2009;
Yan et al. 2011). The life cycle assessment (LCA) meth-
odology can help identify opportunities for improving
environmental performance at several points in this life
cycle. LCA serves to compile and assess the total envi-
ronmental impacts (e.g., contribution to climate change,
eutrophication, acidification, land use, etc.) and resource
used and emissions from the entire life cycle of a product
or service (ISO 2006a; b). On the other hand, the carbon
footprint (CF) only accounts to emissions with climate
change potential (i.e., GHG emissions). Nevertheless, the
CF has received most of the current attention among
different environmental impact categories in LCA
(Flysjö et al. 2011a; Wiedmann and Minx 2008) due to
several factors, including agricultural intensification. Sev-
eral methodologies have been developed to calculate the
CF of products, for instance, the PAS2050 (BSI 2008), the
GHG protocol (WRI WBCSD 2011), IPCC (2006c), FAO
(2010), and IDF (2010b). The latter two are specific for
dairy products. According to IDF (2010b), all these meth-
odologies are based on the ISO standards (ISO 2006a; b;
2013). There are some differences among these method-
ologies, for instance, the proposition of which allocation
method and whether or not to account for biogenic carbon
emissions.
Although the dairy industry has recently been studied, there
is still a lack of information regarding the net emissions from
dairy farms and the consequences of variations in applied
technology and production systems used (Flysjö et al.
2011a; Rotz et al. 2010). On top of that, in large countries
(e.g., USA and Brazil), the systems can be different from one
state to another, due to the technology choices, feed intake,
and feed conversion rates, etc., varying also their environmen-
tal impacts (IDF 2009).
A research on milk production in South America (Bartl
et al. 2011) evaluated two small milk production systems
in Peru. This research showed that the global warming
potential, acidification, and eutrophication were higher for
1 kg energy-corrected milk (ECM) produced in the high-
lands than for that produced at the coast. The dairy pro-
duction sector will certainly demand more research to
create an inventory of animal GHG emissions applicable
to tropical and subtropical regions, such other countries of
Latin America as Brazil (Bartl et al. 2011; Ruviaro et al.
2012; Spies 2003).
In Brazil, the application of the LCA methodology and
CF to the agribusiness sector is still in its infancy
(Ruviaro et al. 2012). Currently, no environmental infor-
mation using LCA is available regarding Brazilian milk
production, and the consumption of milk increased in
recent years. Brazilian LCAs represent an important step
in reaching a more sustainable livestock production sys-
tem and to avoiding deforestation of new areas.
The goal of this study was therefore to assess the CF
per 1 kg of energy-corrected milk at the farm gate for
different dairy production systems in the southern region
of Brazil: a confined feedlot system, a semi-confined
feedlot system (including some grazing), and a pasture-
based grazing system with the use of a good level of milk
production technology. These dairy production systems do
not use imported feed. These farms are not representative
of the majority of dairy farms in Brazil but represent those
with better performance about 3.0 % based on ECM
(Zoccal et al. 2012). A sensitivity analysis of the dry
matter intake (DMI) at each farm and an uncertainty
analysis based on Monte Carlo (MC) simulation were
performed to complement the discussion of the CF of
the Brazilian dairy industry. The results considered im-
pacts with and without direct land use change (dLUC) for
the three dairy farms studied.
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1.1 Brazilian dairy farms
Livestock production in Brazil indirectly involves approxi-
mately 5 million people, with almost 1.5 million milk pro-
ducers (Carvalho et al. 2003; Stock and Carneiro 2010).
Brazilian dairy production represents approximately 4.8 %
of the worldwide production (IDF 2010a).
Considering the size of the country and the range of climate
and soil conditions, the territory of Brazil allows the adapta-
tion and variation of activities according to regional require-
ments, with differences in farm structure and production in-
tensity. As a result, several different milk production systems
can be observed (Marques 2003; Massuda et al. 2010; Zoccal
et al. 2012). The variety in milk production systems makes it
difficult to characterize the industry as a whole. For example,
with regard to dairy cattle feed, the perpetual variation in the
quantities offered due to their quality and cost of acquisition or
production can be reflected in the great variation in daily
nutrient intake.
Some producers still use rudimentary techniques, while
others can be compared to the world’s most competitive farms
with a high-technology level (Massuda et al. 2010; Zoccal
et al. 2012). According to Primavesi et al. (2012), the Brazil-
ian milk production system most commonly used is the
pasture-based system, with only 2.4 % of the milk produced
using the confined feedlot system.
A large number of farms have low production, even though
they are largely responsible for the milk consumed in Brazil.
Approximately 80.0 % of the farms produce less than
51 kg ECM day−1 per farm and contribute 26.0 % of the total
amount of production, while 17.0 % of the farms produce
between 51 and 202 kg ECM day−1 and account for 39.0 % of
the production. Only 3.0 % of the dairy farms produce more
than 202 kg ECM day−1 in each farm, contributing 35.0 % of
Brazilian milk production (Zoccal et al. 2012).
According to IBGE (2011), the southern region of Brazil is
the major milk producer with 32.0 % of the total production in
the country (more than 32 billion liters in 2011). This region
has great potential for the intensification of animal production
based on pasture due to the possibility of exploiting the
productive potential of tropical perennial grasses and annual
forage, such as millet, sorghum, sunn hemp, and pigeon pea,
in the period from autumn to spring. In addition to tropical
forage, the weather conditions also allow the production of
high-quality annual grasses and temperate winter legumes,
such as oats, rye, triticale, peas, and vetch (Oliveira 2002).
2 Methods
The method used for the comparative evaluation is a life cycle
assessment focused on the CF for different Brazilian milk
production systems. The LCA was performed following the
standardization (ISO 2006a; b) based on primary data and
secondary data from Ecoinvent ® and from specialized liter-
ature. The LCA software tool SimaPro 7.3.3 was used for
computing the product CF.
The choice of these farms was supported by the Santa
Catarina State Agricultural Research and Rural Extension
Enterprise (EPAGRI) and the State Deputy Secretary for
Agriculture and Fisheries of Santa Catarina, which are refer-
ence institutions for livestock in Santa Catarina State. The
Center for Multidisciplinary Studies of Dairy Cattle of the
State University of Maringá (UEM) also has extensive expe-
rience with dairy cattle. These institutions have found in
several studies a wide variability of dairy systems in Brazil,
but both institutions pointing out that the three selected farms
represent very well the three most common systems (feedlot,
semi-confined feedlot, and pasture-based grazing) in their
respective regions taking into account the historical milk
production database.
Monte Carlo (MC) analysis was used to evaluate the influ-
ence that variations in feed diet have on the CF of the dairy
systems used in Brazil. According to Basset-Mens et al.
(2009a), the identification of the key parameters responsible
for the uncertainty in the analysis is important and is a chal-
lenging issue.
2.1 Production systems
The farms that represent a confined feedlot system, a semi-
confined feedlot system (including grazing), and a pasture-
based grazing system are located in Southern Brazil, more
specifically, in Parana and Santa Catarina states (Fig. 1). For
confined and semi-confined feedlot systems, the cow breed
was Holstein, while for pasture-based grazing system, the cow
breed were Holstein and Jersey.
The dairy farm that represents the confined feedlot system
is located in Mandaguari City, in north-central Parana state,
which is characterized by a tropical climate (Koeppen 1948).
The annual average temperature is below 20 °C. The total area
of this farm is 48 ha, although only 17 ha are used for dairy
production. This farm has a herd of 55 animals (including
calves, heifers, dry cows, and lactation cows), and the animals
receive 100.0 % of their food from a trough. The ECM
produced in this system is 7667 kg ECM cow−1 year−1 (to
lactation period of 305 days). The diet is rich in silage,
commercial feed concentrate (cottonseeds, corn grains, wheat
bran, soybean hulls, premix), hay, minerals, premix, and other
cattle foodstuffs. The variation in the diet depends on price
and season. Based on the diet feed (see Table 1), the annual
feed intake as dry matter (DMI) per cow was estimated as
6335 kg for the confined system (to lactation period), and the
feed conversion efficiency (FCE) was 1.2 kg ECM kg DMI−1.
In this scenario, we considered the manure management
48 Int J Life Cycle Assess (2015) 20:46–60
system (MMS) as a dry lot, and the emissions of the manure
management system were calculated following the IPCC
(2006a).
The semi-confined feedlot farm is located in Porto Ama-
zonas City, in the metropolitan area of Curitiba, Parana
State, and can be characterized as an intensive system in
which the animals are confined with some grazing. This
farm has a herd of 137 animals (including calves, heifers,
dry cows, and lactation cows). The average yearly milk
production is approximately 7324 kg ECM per cow (to
lactation period). The feed is rich in silage, citrus pulp
(byproduct of the orange juice industry), brewers spent
grain (byproduct of the beer industry), commercial feed
concentrate (cottonseeds, corn grains, wheat bran, soybean
hulls, premix), minerals, premix, forage, and other cattle
foodstuffs. At this farm, the diet of the cattle may also vary
according to price and seasonal variations. The annual feed
intake as the DMI per cow was estimated as 5628 kg, and
the FCE was 1.3 kg ECM kg DMI−1 (to lactation period).
Manure is stored in outdoor slurry tanks with a natural crust
cover and then spread on the soil.
The pasture-based system is located in Campos Novos City
in the midwest region of Santa Catarina State. In this system,
100.0 % of the animals are fed by grazing and receive a small
amount of concentrated feed after milking. The herd is com-
posed of 268 animals (including calves, heifers, dry cows, and
lactation cows), and the milk production is 5305 kg
ECM cow−1 year−1 (to lactation period). The diet is rich in
pasture and is composed mainly of oats and rye grass in the
winter. During other seasons, the diet comprises other types of
forage, such as corn silage. The concentrated feed is made on
the farm and is composed of corn, soybean meal, and mineral
salts, with an annual feed intake as the DMI per cow of
approximate ly 4657 kg and an FCE of 1 .1 kg
ECM kg DMI−1. The pasture system uses swine manure as
organic fertilizer in pasture and for forage. The cattle manure
in this system remains in the grazing area.
According to Prudêncio da Silva et al. (2010), in Southern
Brazil, the natural forest is not part of the Amazon biome
(rainforest) and was deforested a long time ago. The area is
considered a consolidated area, so the impacts from defores-
tation should be considered only for grains produced in
Fig. 1 Dairy farm locations (1—
confined feedlot system; 2—
semi-confined feedlot system;
3—pasture system)
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central-west Brazil. Because the farms studied consume grains
from Southern Brazil, the systems were assessed without
considering emissions related to direct land use change
(dLUC).
Several authors (Cederberg et al. 2011; FAO 2010; Flysjö
et al. 2011a; Jungbluth et al. 2007; Leip et al. 2010) have
considered deforestation in the production of grains indepen-
dent of Brazilian regions. We therefore considered the dLUC
factors for central-west Brazil from Prudêncio da Silva et al.
(2010) for the corn and soybeans produced in the south,
seeking to complement the discussion of the variation in the
results.
2.2 Functional unit and allocation
The functional unit (FU) was determined based on the mass of
the product as 1 kg ECM at the farm gate level according to
the equation described by Sjaunja et al. (1990) for corrected
fat and protein. Although the milk production has by-prod-
ucts, in this study, we did not consider allocation once we
assumed the same replacement rates, meat culled cows, and
meat surplus calves per cow for the three systems according to
the technical patterns of dairy herd management (Campos
et al. 2001; Ribeiro et al. 2003). This approach was also used
by Flysjö et al. (2011a) and Henriksson et al. (2011) that did
not use allocation. For this study, we did not use allocation,
since the by-product meat is responsible for less than 1 % of
the total mass of outputs.
As the manure in Brazilian milk production is used as
organic fertilizer on the farm, no allocation was needed. For
soybean processing, we allocated according to the economic
value of the by-products, i.e., 65.1 % for soybean meal
(€258.25 per ton of soybean meal) and 34.9 % for soybean
oil (€576.42 per ton of soybean oil) (Alvarenga et al. 2012).
For brewers spent grain, by-product of barley processing, we
use mass allocation.
For the swine manure used in the pasture system, the
environmental costs of organic fertilizer can be done follow-
ing at least two approaches (Knudsen et al. 2010): (i) consid-
ering that the manure is a waste product, so impacts should be
allocated to the meat; and (ii) considering that manure has a
value as a fertilizer and the environmental costs should be
accounted to this by-product. However, it is a common prac-
tice in LCA studies to consider the concept of impact avoided
for swine manure (Basset-Mens and van der Werf 2005;
Dalgaard 2007; Nguyen et al. 2011; Williams et al. 2006).
Table 1 Variations in TDN, CP, DMI, and GE in the animal diet for the systems studied
Diet in each dairy systema TDN CP DMI GEc
(%) (%)
Min. Mean Max. Min. Mean Max. kg DMI cow−1 day−1 kcal kg−1
Confined feedlot system
Concentrated feed 78.86 80.66 82.29 17.39 18.33 19.45 6.44 4.450
Corn silage 59.18 61.66 63.97 7.44 8.03 8.75 12.46 4.645
Cottonseeds 77.00 80.00 82.00 12.23 13.79 15.31 0.01 5.650
Maize germ 78.00 81.00 84.00 10.28 11.57 13.19 1.06 4.030
Soybean meal 78.86 80.66 82.29 45.63 47.00 48.37 0.62 4.434
Semi-confined feedlot system
Brewers spent grainb 58.05 60.39 62.84 11.02 11.90 12.73 2.31 3.700
Citrus pulp 75.52 78.60 81.06 6.56 6.90 7.24 1.92 3.920
Concentrated feed 78.41 81.33 83.90 10.28 11.57 13.19 3.84 4.450
Corn silage 59.18 61.66 63.97 7.44 8.03 8.75 7.69 4.645
Pasture 65.26 68.00 70.73 8.80 9.83 11.27 2.31 3.759
Pasture system
Concentrated feed (maize) 73.16 76.00 79.35 8.06 8.63 9.22 2.82 4.545
Concentrated feed (soybean meal) 78.86 80.66 82.29 45.6 47.0 48.4 0.99 4.434
Corn silage 59.18 61.66 63.97 7.44 8.03 8.75 4.42 4.645
Hay (oat and ryegrass) 53.02 55.33 57.81 10.16 11.23 12.43 1.99 4.380
Pasture 66.02 68.33 70.81 15.63 17.00 18.37 5.05 3.750
a These diets are specific to each dairy farm studied according to the producer
b By-product of the beer industry
c According by NRC (2001); Peripolli et al. (2011); Valadares Filho et al. (2011)
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Thus, we considered organic fertilizer as not free of GHG. The
estimative was based on the environmental gains of manure
usage as organic fertilizer in a LCA of swine production in
Brazil (unpublished data) through the substitution method,
these reductions in the GHG of swine meat (around 4 %) were
attributed to the manure.
2.3 System boundaries
The system boundary for this study is characterized as from
“cradle to farm gate” (Fig. 2). The dairy farm inputs consid-
ered were feed concentrate, silage, energy, fertilizer, transport,
and fuels. Inputs such as construction, detergents, disinfec-
tants, silage agents, machinery, and medicines were not con-
sidered because of the lack of data, while small volumes of
feed ingredients such as vitamins were excluded by cutoff
criteria that contributing less than 1 % of mass (ISO 2006b).
For the transport of inputs, such as feed and supplies used
on the farms, we considered the distance (km) required for the
acquisition of the products, i.e., the distance from where the
producer purchased feed until the arrival of the feed at the
dairy farm. For feed ingredients (cottonseeds and wheat bran),
we used data from the Ecoinvent® database, NRC (2001),
Peripolli et al. (2011), and Valadares Filho et al. (2011).
The energy from the public grid system distribution was
considered (e.g., milk refrigeration on the farm and diesel).
Brazil is considered a matrix in which the energy is 84.0 %
from hydropower, 1.8 % from coal, and the other 14.2 % from
other sources (Frischknecht et al. 2007). This process of
energy was used from the Ecoinvent® database.
Wastes were evaluated according to their final destination
in each system following the IPCC (2006a) definitions. These
dairy farms did not offer any kind of service to other farms.
2.4 Life cycle inventory
The data used represent an average of two agricultural seasons
(the years 2008/2009 and 2009/2010) for each farm. Although
with only 2 years of observation, it was considered sufficient
for this study because the owners respondents confirmed little
variability in food consumption per cow in recent years. The
comparison was equalized by the herds of the farm for all
three production systems studied, e.g., the lactation period in
the farms studied was 305 days. Total milk yield up to 305
lactation days was calculated using a method officially
Transport
Milking
FU
1 kg ECM
Grain production
Fertilizer, pesticides, fuel
productions
Feed production
Mineral production
Manure
Meat
Calves
Emissions
Silage and pasture
production
cottonseeds
Dairy cows
Fig. 2 System boundaries of Brazilian milk production from “cradle to farm gate”
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recognized by the Ministry of Agriculture (Brasil 1986) and
this period is in accordance with the research carried out by
Carvalho et al. (2003) which states that in Brazil varies from
290 to 305 days. The dairy herd consists of growing heifers,
lactating cows, and non lactating cows. The dairy cow re-
placement rate is approximately 25.0 % (Campos et al. 2001;
Ribeiro et al. 2003), and heifers start milking at an average age
of 26 months. The weight of the animals was considered
according to each dairy farm studied. The lifetime adopted
for the dairy cows was 6 years.
The CH4 from enteric fermentation was calculated ac-
cording to tier 2 protocols from the IPCC guidelines
(IPCC 2006a; b), with an exception made for the methane
conversion factor (Ym), for which we used the value of
5.4 % according to Primavesi et al. (2012) for data ap-
plied to dairy farms from Brazil, we used data according
to Brazilian Agricultural Research Corporation (Embrapa
2012). Primavesi et al. (2012) evaluated the account of
original ruminal methane (emissions rates or emissions
factor, kg cow−1 year−1) for cow breed Holstein on Bra-
zilian production systems in pasture-based grazing system
(summer and autumn), in order to obtain more accurate
data. They considered 4.38 Mcal of gross energy and
0.01334 Mcal/g CH4 to estimate the methane conversion
factor (Ym).
Live body weight, milk yield, and roughage feed data were
collected by the manager of each dairy farm, and some infor-
mation was adjusted according NRC (2001), Peripolli et al.
(2011), Valadares Filho et al. (2011). The manure emissions
were calculated according to the IPCC (2006a; b) based on the
DMI with digestibility rates of 66.0, 70.0, and 69.0 % for the
confined feedlot, semi-confined feedlot, and pasture systems,
respectively (NRC 2001; Peripolli et al. 2011; Valadares Filho
et al. 2011).
The nitrogen in excreta was calculated as the total amount
of N in the feed DMI minus the amount of N in milk and
animals (calves and growth) for each dairy farm studied. The
direct emissions of N2O from soil were calculated according
to the IPCC (2006b), and the indirect emissions caused by
volatilization of ammonia (NH3) and leaching of nitrate (NO3)
were estimated using emission factor (EF) values according to
the IPCC (2006a). The CO2 emitted from enteric fermentation
by dairy cattle was excluded from the study that of according
IPCC (2007), this gas was considered neutral with respect to
GHG emissions.
Data on grain production were modeled according to sec-
ondary data for soybean and corn (Alvarenga et al. 2012;
Prudêncio da Silva et al. 2010; Prudêncio da Silva 2011) while
for cottonseeds and barley, we used data from Ecoinvent®
(Nemecek and Kägi 2007) due to lack of Brazilian data,
modified to not consider CO2 absorption by grain. Data for
barley processing were from Kløverpris et al. (2009) and
Tumuluru et al. (2011).
2.5 Variation of data—input and output of N
All the nutrient requirements of individual animals and whole
herd were calculated using the Nutrient Requirements of
Dairy Cattle (NRC 2001). The annual amount of feed intake
was estimated separately for each farm analyzed and present-
ed as feed intake (dry matter, gross energy, crude protein) per
kilogram of fresh milk (NRC 2001). Animal diets were for-
mulated to provide the feed requirements of the animals
within each farm according to body weight, milk production,
sex, and live weight gain (NRC 2001). The N content in the
DMI in each systemwas calculated from the parameters of the
protein content in the DMI according to Valadares Filho et al.
(2011), and for protein converted to N, a factor of 6.25 was
used according to NRC (2001). Other variables, such as dry
matter intake digestibility (DMID), total digestible nutrients
(TDN), and crude protein (CP), were calculated for each dairy
system according to the NRC (2001), Peripolli et al. (2011)
and Valadares Filho et al. (2011) and complemented by dis-
cussions with cow feed experts (see Table 1). These variables
were chosen because, according to several authors (Beever
and Doyle 2007; Flysjö et al. 2011b; Henriksson et al. 2011;
Kristensen et al. 2011; Merino et al. 2011; Primavesi et al.
2012; Yan et al. 2011), the composition of feed, consumption,
and ECM production are the main drivers of enteric CH4
emissions, along with energy utilization efficiency. The main
differences among the systems in feed intake occur because
the confined feedlot and semi-confined feedlot systems are
using some by-products of other agricultural products in the
animal diet.
2.6 Life cycle impact assessment
This study assessed only the CF of milk production, with the
indicator presented in carbon dioxide equivalents (CO2e), as
characterized by the Global Warming Potential (GWP) over a
100-year time horizon considering that along with other gas-
ses, 1 kg of CH4 has 25 times the GWP of CO2e (thus 1 kg of
CH4 means 25 kg CO2e) and that 1 kg of N2O represents
298 kg of CO2e (IPCC 2007). According to Flysjö et al.
(2012), there is not yet an international standardized method
for calculating GHG emissions associated with milk products,
but some guidelines have been developed. The ISO (2006a; b)
was adopted in this paper.
2.7 Monte Carlo analysis
Because of the effects the diet of the cows in each system
studied has on the GHG emissions, a sensitivity analysis was
conducted on input data for total digestible nutrients (TDN)
and crude protein (CP) based on values from the literature
(NCR 2001), which were reviewed and accepted by Brazilian
experts in nutrition in dairy production (Peripolli et al. 2011;
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Valadares Filho et al. 2011) (see Table 1). Parameters used in
the analysis were TDN and CP because they have a closeness
interrelation with CH4 enteric and N2O manure (Table 3).
The results from this analysis were applied in a Monte
Carlo (MC) simulation run independently for each dairy farm
based on 10,000 iterations to analyze the uncertainty distribu-
tion in the GHG emissions. For the MC simulation, we used a
minimum, mean and maximum data from three case studies.
3 Results
The comparative LCA showed that the confined feedlot sys-
tem had a lower CF than the other two systems studied (see
Table 2). GHG emissions were 0.535 kg CO2e kg ECM
−1 for
the confined feedlot system, 0.778 kg CO2e kg ECM
−1 for the
semi-confined feedlot system, and 0.738 kg CO2e kg ECM
−1
for the pasture-based system.When the direct land use change
(dLUC) for grain and cottonseed production was considered,
the CF increased by 45.0, 36.9, and 37.3 % for the confined
feedlot, semi-confined feedlot, and pasture-based systems,
respectively. The results showed a higher increase in the CF
for the pasture-based system, although the dLUC was expect-
ed to be more significant for the confined feedlot and semi-
confined feedlot systems. This result occurred due to the
higher use of soybean in pasture system, this grain has more
environmental costs associated with deforestation since there
is no land competition for this crop. In Brazil, the climate
allows two crop cultivations per year, i.e., 6 months for the
soybean crop (Prudêncio da Silva 2011) while for the succes-
sive crops, there is land competition for corn, barley, cotton,
and other crops, so a factor of 0.7 is used in the calculation of
these crops. The concentrated feed in the confined feedlot and
semi-confined feedlot systems is cottonseed—and brewers
spent grain-based, while the pasture-based concentrated feed
is corn and soybean meal-based (Table 2).
As shown in Table 2 for confined feedlot and pasture-based
systems, the major CF was from enteric fermentation. In the
semi-confined feedlot system, feedwas mainly responsible for
the CF with 47.6 % of the GHG emissions, while enteric
fermentation represented 36.9 %. In the confined feedlot
system, the contribution from feed production was less signif-
icant with 37.8%, while 52.3%was from enteric CH4. For the
pasture-based system, the feed was responsible for 45.9 % of
the GHG emissions, and 50.0 % of the GHG emissions were
from enteric fermentation.
The main contribution to the CF for feed production in the
confined feedlot system was the concentrated feed (27.2 %).
The use of brewers spent grain in the concentrated feed
accounted for 0.032 kg CO2e kg ECM
−1. Cottonseed was also
an important ingredient in terms of climate change with 5.5 %
of the total milk CF. The use of corn and its by-products
(gluten) in the concentrated feed represented emissions of
0.028 kg CO2e kg ECM
−1. Soybean meal usage emitted
0.021 kg CO2e kg ECM
−1. Corn germ usage contributed
0.044 kg CO2e kg ECM
−1. The impacts of corn production
in Southern Brazil are associated with the high use of urea as
N fertilizer, as observed by Prudêncio da Silva (2011). Corn
si lage production was responsible for 0.002 kg
CO2e kg ECM
−1.
In the semi-confined feedlot system, the second highest
CO2e emission was associated with the use of brewers spent
grain, which accounted for 34.7 % of the total milk CF
(0.270 kg CO2e). Higher impacts associated with this ingre-
dient are partly explained due to the allocation procedure used
(i.e., mass) in the barley processing. Corn silage had an impact
of 0.014 kg CO2e kg ECM
−1, while other ingredients in the
animal diet, such as cottonseed, soybean meal, citrus pulp,
mineral premix, and corn by-products, had a contribution of
less than 8.0 % of the total CF. Emissions from grazing were
responsible for 0.011 kg CO2e kg ECM
−1.
When analyzing the pasture-based system, corn silage was
the ingredient with the highest contribution to climate change,
0.158 kg CO2e kg ECM
−1, while emissions from pasture
production were 0.048 kg CO2e kg ECM
−1. Grain cultivation
in this system was responsible for 19.3 % of the total milk CF
due to the use of corn and soybean meal in the concentrated
feed. Hay emissions were 0.008 kg CO2e kg ECM
−1. Impacts
from corn silage and pasture in this scenario were mainly due
to the use of swine manure as an organic fertilizer (11.8 % of
total CO2e kg ECM
−1).
The contribution of transport (for the purchase of com-
mercial feed and on-farm transport) to milk production was
low for the three systems, 0.5 % for the confined feedlot and
semi-confined feedlot systems and 0.2 % for the pasture
system. Manure management represented 7.8 % of the CF
for the confined feedlot system, while in the semi-confined
feedlot system, emissions from manure were more signifi-
cant at 13.7 %. In the pasture-based system, manure is
Table 2 Carbon footprint of Brazilian dairy production (expressed as kg
CO2e kg ECM
−1)
Life cycle steps Confined feedlot Semi-confined feedlot Pasture
Feed 0.202 0.370 0.339
Transport 0.003 0.004 0.002
Enteric fermentation 0.280 0.287 0.369
Manure management 0.042 0.106 0.024
Other activitiesa 0.008 0.010 0.004
Total 0.535 0.778 0.738
dLUC 0.241 0.287 0.275
Total with dLUC 0.776 1.065 1.013
aOther activities including the electricity used on the farm for milking and
lightning
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handled only in the milking stage; these emissions contrib-
uted 3.2 %.
The total CH4 emission in Brazilian dairy production was
55.0, 51.0, and 57.0 % for the confined feedlot, semi-confined
feedlot, and pasture systems, respectively. The main contribu-
tion to GHG emissions from CH4 in the confined feedlot
system was the enteric fermentation of cows with 52.3 %,
while in the pasture-based system, enteric CH4 represented
50.0 % of the total CO2e. For the semi-confined feedlot
system, the contribution of enteric fermentation was slightly
lower but also significant with 36.9 %. For heifers, a calculat-
ed value for enteric CH4 emissions was of 22.1 kg CH4
head−1 year−1 to confined system, 26.27 kg CH4
head−1 year−1 to semi-confined system, and 28.81 kg CH4
head−1 year−1 to pasture system.
Several nutritional factors have been identified in literature
which affect the rate of enteric CH4 production in dairy cattle,
and the key factors are related to FCE (DMI and ECM)
(Beever and Doyle 2007; Flysjö et al. 2011b; Henriksson
et al. 2011; Martin et al. 2010; Merino et al. 2011). Similar
to Swedish studies (Henriksson et al. 2011), it is difficult to
estimate how much the FCE can be improved to reduce milk
CF due to lack of reference data in Brazil.
The contribution of CH4 from manure management in
semi-confined system was greater than that in the other sys-
tems with 11.5 % of the total CO2e. In the semi-confined
feedlot system, manure in the milking stage is handled as
liquid slurry in tanks with a longer storage period than the
other systems, leading to higher methane emissions due to
methanogenesis. The relative CO2 contributions were 23.0
and 24.0 % to the CF of milk in the confined feedlot and
semi-confined feedlot systems, respectively, and 27.0 % in the
pasture system (Fig. 3). The CO2 emissions were mostly from
fossil fuel combustion. The N2O relative contribution was
22.0 % in the confined feedlot system, 25.0 % in the semi-
confined feedlot system, and 16.0 % in the pasture-based
system.
3.1 Uncertainties
Results from the MC simulation showed low uncertainty
through variations in TDN and CP for the dairy farms studied.
For the confined feedlot system, a mean value of 0.535 kg
CO2e kg ECM
−1 and a standard deviation (SD) of 0.006 was
observed. The coefficient of variation (CV) was low for the
three systems evaluated, 1.1, 0.7, and 1.0 % for the confined
feedlot, semi-confined feedlot, and pasture systems, respec-
tively. In the semi-confined feedlot system, the mean value
was 0.779 kg CO2e kg ECM
−1, while in the pasture system,
the mean value was 0.738 kg CO2e kg ECM
−1. The SD was
low for these two systems, similar to the confined feedlot
system, with 0.005 for the semi-confined feedlot system, and
0.007 for the pasture system.
The effects of the DMI variation in animal diet on the
enteric CH4 and N2O emissions from manure management
can be observed in Table 3. The uncertainties were due mainly
to variations in N2O emissions from manure for the three
systems. The N2O emissions had the greatest coefficient of
variation (CV) due to the variation in the DMI of the feed
ingredients. The confined feedlot system showed the highest
enteric CH4 (94.52 kg CH4cow
−1 year−1), with the N2O
emissions from the manure management at 0.752 kg
N2O cow
−1 year−1. Although the CV for these emissions
was higher in the semi-confined feedlot system (Table 3), in
the confined feedlot system, the N2O from manure was some-
what higher, which explains the greater CV in this system
when the MC simulation was run for the CF for 1 kg ECM.
We did not consider the carbon sequestration by pastures
and crops due to the lack of region-specific data in this study.
However, some authors in Europe have considered carbon
sequestration, and estimates were very uncertain due to the
small amount of reliable data (Del Prado et al. 2013; Martin
et al. 2010), which limits the improvement of the estimation of
soil C dynamics (Del Prado et al. 2013). According to
Soussana et al. (2009), grassland C sequestration has strong
potential to partially mitigate the GHG balance of ruminant
production systems and has shown satisfactory results in
Europe. According to these authors, the mitigation of emis-
sions and adaptation of livestock production systems to cli-
mate change will require a major international collaborative
effort and long-term experiments to detect C stock changes.
4 Discussion
According to Zoccal et al. (2012), the milk production for
most Brazilian farms (80.0 %) is below 51 kg ECM day−1.
Based on the results found in this study, it is therefore not
possib le to s ta te tha t this CF (0.535–0.778 kg
CO2e kg ECM
−1) represents the entire Brazilian dairy
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Fig. 3 Contribution of each GHG to the total CF
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production because these farms represent less than 3.0 % of
the dairy farms in Brazil that produce more than 202 kg
ECM day−1. However, the results demonstrated that the re-
duction of GHG emissions is possible.
Methane emissions had the highest contribution to climate
change, with an average of 54.0 % (51–57), while N2O
contributed an average of 21.0 % (16–25) and fossil CO2
contributed an average of 25.0 % (23–27) for the three Bra-
zilian systems evaluated. Several authors (Basset-Mens et al.
2009a; Castanheira et al. 2010; Cederberg and Mattson 2000;
Cederberg and Flysjö 2004; Flysjö et al. 2011a; Kristensen
et al. 2011; Thomassen et al. 2008) obtained similar results
when analyzing the contribution of each GHG to dairy
production.
The results also showed that feed production and enteric
fermentation are the major contributors to the total GHG
emissions for the Brazilian dairy farms studied. Our results
are in accordance with Flysjö et al. (2011a) for dairy farms in
Sweden, with Bonesmo et al. (2013) for Norwegian farms,
and with Basset-Mens et al. (2009a) for New Zealand farms
and a little smaller than those for the pasture system in New
Zealand from Flysjö et al. (2011a). CH4 emissions from
ruminants represent a loss of productive energy for the animal.
Thus, the development of feeding strategies (e.g., diet with
higher quality and digestibility and supplements that improve
rumen microbial activity) to mitigate these CH4 emissions
may produce not only environmental benefits but also nutri-
tional benefits for the animal (Martin et al. 2008).
The feed production emitted 0.200, 0.370, and 0.340 kg
CO2e kg ECM
−1 (without considering the dLUC) in the
confined feedlot, semi-confined feedlot, and pasture
systems, respectively. These results are very similar to those
in the study performed by Flysjö et al. (2011a) for dairy farms
in Sweden, in which the feed is mechanically harvested and
processed in Swedish milk production (approximately
0.390 kg CO2e kg ECM
−1), while in the New Zealand system,
the feed emissions and relative contribution were the lowest
(approximately 0.160 kg CO2e kg ECM
−1). In the New
Zealand system, the feed intake is mostly by grazing. In our
study, although a significant part of the animal diet is through
grazing in the pasture system, we found the highest emissions
due to the use of corn in silage and swine manure as an organic
fertilizer. In the work of Castanheira et al. (2010), the contri-
bution of the production of concentrates, corn, and ryegrass
silage in dairy production in Portugal was somewhat lower,
r ep re sen t ing approx imate ly 27 .0 % (0 .280 kg
CO2e kg ECM
−1) of the total global warming potential. The
pasture and feed production in milk production in New
Zealand was 0.390 kg CO2e kg ECM
−1 (Basset-Mens et al.
2009a). For Norwegian farms, feed production had an emis-
sion of approximately 0.450 kg CO2e kg ECM
−1 (Bonesmo
et al. 2013). In a LCA of two dairy production systems in the
Netherlands, Thomassen et al. (2008) showed that concentrat-
ed feed and roughage had a contribution to climate change
ranging from 33.0 to 43.0 %. The impacts from concentrated
feed in the three Brazilian systems were mainly due to N2O
emissions from the nitrogen cycle from the use of chemical
fertilizer and due to fossil CO2 from harvest and transport in
grain production and from the production of chemical
fertilizers.
The CF for the three Brazilian systems was lower thanmost
of the results found in the literature (see Table 4). The most
approximate results (Basset-Mens et al. 2009a; Cederberg and
Mattson 2000; Cederberg and Flysjö 2004; Del Prado et al.
2013; González-Garcia et al. 2013; Rotz et al. 2010) showed a
variation between 0.53 and 1.10 kg CO2e kg
−1 ECM. How-
ever, according to González-Garcia et al. (2013), the differ-
ences in agricultural management regimes and other factors
could explain the CF differences between studies.
We did not consider the dLUC in grain production, which
can partly explain the lowest CFs in the three Brazilian sys-
tems in this study compared with the results from the
Table 3 Parameters varied in the MC analysis to estimate the CF of Brazilian dairy farms
Emissions Confined feedlot Semi-confined feedlot Pasture
CH4, enteric (kg CH4cow
−1 year−1) Min. 91.74 89.78 81.50
Mean 94.52 92.09 83.61
Max. 97.59 94.52 85.73
s.d.a 1.76 1.44 1.28
CV (%)b 1.9 1.6 1.5
N2O, manure (kg N2O cow
−1 year−1) Min. 0.7094 0.3618 0.0507
Mean 0.7523 0.3961 0.0534
Max. 0.7988 0.4334 0.0562
s.d.a 0.0271 0.0219 0.0016
CV (%)b 3.6 5.5 2.9
a Standard deviation
b Coefficient of variation is the average variance of the mean value
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literature. If we considered the emissions for grain production
and cottonseed, the CFs will increase to 0.78, 1.06, and
1.01 kg CO2e kg
−1 ECM for the confined feedlot, semi-
confined feedlot, and pasture systems, respectively. Another
parameter that can explain the low values from our systems is
the FCE for the farms studied: 1.2 kg ECM kg DMI−1 for the
confined feedlot system and 1.3 and 1.1 kg ECM kg DMI−1
for the semi-confined feedlot and pasture systems, respective-
ly. In Flysjö et al. (2011a), the FCE was 1.0 and 0.9 kg
ECM kg DMI−1 for Sweden and New Zealand, respectively.
The FCE for Danish farms was 1.2 and 1.1 kg ECMkgDMI−1
for conventional and organic (Kristensen et al. 2011), while
the FCE for Portugal (Castanheira et al. 2010) and New
Zealand (Basset-Mens et al. 2009a) was 1.0 and 0.7 kg
ECM kg DMI−1, respectively. According to several authors
(Beever and Doyle 2007; Flysjö et al. 2011b; Henriksson et al.
2011), FCE is a key indicator to reducing the GHG emissions
because the feed intake is one of the most important produc-
tion parameters in dairy production with an obvious risk of
data uncertainty. Selection for milk yield or weight gain, and
thus intensification of production, could result in lower CH4
production per kilogram of product, although daily emissions
per animal increase (Martin et al. 2010). According to Martin
et al. (2010), using today’s current calculation practices, an
increase in cow productivity results in a decrease in CH4
emissions per kilogram milk due to cow nutrition in actual
dairy systems.
The EF for enteric fermentation was another parameter that
showed great differences when comparing the systems (see
Table 5). In this study, the estimation of enteric CH4 was based
on gross energy intake, which can partly explain the differ-
ences because this estimate is directly influenced by the ani-
mal diet. Comparison of the various studies emphasizes the
effect of each production system and variation in efficiency on
the estimated environmental impact. In addition, a variation in
the quality of feed expressed in the variability of TDN and CP
can change the GHG results, as well as quality and composi-
tion of the feed given to the animals and the conversion factor
(Ym) used for data applied to Brazil (of 5.4 %, based on
Primavesi et al. (2012)). According to Del Prado et al.
(2013), González-Garcia et al. (2013), and Primavesi et al.
(2012), the emission factors of CH4 vary with the animal
Table 4 Comparative CO2e kg ECM
−1 for different studies
Authors Country System kg CO2e kg ECM
−1
This study Brazil Confined feedlot 0.54a/0.78b
Semi-confined feedlot 0.78a/1.06b
Pasture 0.74a/1.01b
Basset-Mens et al. (2009b) New Zealand Conventional 0.93
Bonesmo et al. (2013) Norway Conventional 1.02
Cederberg and Mattson (2000) Sweden Conventional 1.10
Organic 0.90
Cederberg and Flysjö (2004) Sweden Conv. (High) 0.90
Conv. (Med) 1.04
Organic 0.94
Castanheira et al. (2010) Portugal Conventional 1.02
Del Prado et al. (2013) Spain Conventional 1.2c
Flysjö et al. (2011a) Sweden – 1.16
New Zealand – 1.00
Flysjö et al. (2012) Sweden Conventional 1.07
Organic 1.13
Gonzalez-Garcia et al. (2013) Portugal Conventional 0.75
Henriksson et al. (2011) Sweden Conventional 1.13
Kristensen et al. (2011) Denmark Conventional 1.20
Organic 1.27
Rotz et al. (2010) USA Conventional 0.53
Thomassen et al. (2008) Netherlands Conventional 1.41
Organic 1.48
aWithout considering dLUC/
b considering dLUC
c kg CO2e litre ECM
−1
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production system and the characteristics of the animals.
According to the same authors, other variables that can affect
CH4 emissions are feed intake (dry matter, digestible dry
matter, digestible organic matter), live body weight (kg),
average daily weight gain (kg day−1), feeding system (con-
finement, intensive and extensive grazing), milk production
(kg day−1), and fat content (%).
When analyzing theMC simulation, this study showed low
uncertainty in the results through the variation of the DMI.
The variation for the confined feedlot system was 0.524–
0.547 kg CO2e kg ECM
−1 and for the semi-confined feedlot
and pasture systems was 0.769–0.790 and 0.725–0.753 kg
CO2e kg ECM
−1, respectively. In studies on the Swedish dairy
farm industry developed by Henriksson et al. (2011), MC
results showed large variations in the milk CF from 0.940 to
1.330 kg CO2e kg ECM
−1 due to variations in the ECM
produced, delivered share (share of the milk delivery), feed
DMIECM (e.g., kg DMI kg ECM
-1 produced to relate feed
DMI to milk yield), N content in DMI, EF CH4, N-fertilizer
rate, and diesel usage on the farm. However, to estimate the
consumption of concentrates is relatively possible as opposed
to the intake of roughage, which is seldom weighed on dairy
farms and can also be fed in free grazing, being difficult to
accurately determine the amount of ingested roughage.
The Brazilian dairy systems studied had differences in the
CH4 emissions, DMI, feed composition, management of ma-
nure, milk production, use of net or gross energy, and other
areas. Investment in grassland improvement is an opportunity
to reduce GHG emissions because the type of forage has a
direct influence on enteric CH4 emissions in ruminants (Mar-
tin et al. 2010). However, it is important to highlight that there
is a lack of methods that estimate the feed intake of grazing
animals (Buddle et al. 2011). Grassland yields are often poorly
documented by farmers and mostly not weighed, so the feed
intake of grazing animals is most likely the most uncertain
parameter when studying milk and beef production
(Henriksson et al. 2011).
It is important to mention that this work was focused on the
CF ofmilk production systems. The results of the farm studied
could be different if we analyzed other environmental impact
categories as well (e.g., acidification), or if the farms were
located in other regions of Brazil (e.g., center-west).
5 Conclusions
We concluded that the confined feedlot system has better
environmental performance for climate change than the
semi-confined feedlot and pasture systems. The dairy farms
studied in the southern region of Brazil have good technology,
and each one has a specific management strategy, indicating
that there is a range for the improvement of milk production
aimed at reducing GHG emissions. Uncertainties in feed
intake data, mainly in the intake of grazing animals and silage,
and the variability of feed consumption may influence the CF
calculation for milk.
Actions towards grassland improvement, silage quality,
feed cultivation, feed digestibility, and genetic potential, as
well as the correct estimates of the amount of feed consump-
tion, can influence the results of emissions per kilogram of
milk produced according to the variations in TDN and CP
evaluated. Accurate farm records are therefore critical for
estimating the contribution of milk production to global
warming and other environmental impact categories in the
LCA. The feed conversion efficiency can be a key factor in
making the Brazilian milk production more effective.
In addition, the generalization of these conclusions to any
other region of Brazil must consider the great heterogeneities
in the country in terms of soil and climate conditions, natural
and cultivated forages, animal breeds, management herd, bio-
diversity, and other aspects and disparity in a variety of local
milk production systems. This study can support future LCA
analysis dealing with milk production and other agriculture
topics in Brazil taking into account the lowest data available.
Furthermore, the current trends in terms of the number of
publications and resources availability for research, suggest
that the use of LCA to quantify the potential environmental
impact of food products will be an area of intense develop-
ment in the near future. Also, the characterization of the
different studied systems as to their global warming potential
can assist in public policy for milk production with less
environmental impact.
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